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ABSTRACT
We examined the reliability of estimates of pseudoisothermal, Burkert and NFW dark
halo parameters for the methods based on the mass-modelling of the rotation curves. To do
it we constructed the χ2 maps for the grid of the dark matter halo parameters for a sample of
14 disc galaxies with high quality rotation curves from THINGS. We considered two variants
of models in which: a) the mass-to-light ratios of disc and bulge were taken as free parameters,
b) the mass-to-light ratios were fixed in a narrow range according to the models of stellar
populations.
To reproduce the possible observational features of the real galaxies we made tests show-
ing that the parameters of the three halo types change critically in the cases of a lack of
kinematic data in the central or peripheral areas and for different spatial resolutions.
We showed that due to the degeneracy between the central densities and the radial scales
of the dark haloes there are considerable uncertainties of their concentrations estimates. Due
to this reason it is also impossible to draw any firm conclusion about universality of the dark
halo column density based on mass-modelling of even a high quality rotation curve. The
problem is not solved by fixing the density of baryonic matter.
In contrast, the estimates of dark halo mass within optical radius are much more reliable.
We demonstrated that one can evaluate successfully the halo mass using the pure best-fitting
method without any restrictions on the mass-to-light ratios.
Key words: galaxies: kinematics and dynamics, galaxies: evolution, dark matter
1 INTRODUCTION
The problem of the dark matter (DM) that was discovered firstly
by Zwicky (1933) and then found on galactic scales by Freeman
(1970) plays important role in the current understanding of the
evolution and formation processes in galaxies. Despite the long-
lasting history of the studies of this problem there are still many
open questions. For example, there is still no consensus on the
form of the DM halo density profiles. The problem becomes
much more complicated by the fact that the DM density profile
could be changed due to the interaction with baryons (see, e.g.,
Macciò et al. 2012). The cosmologically motivated cuspy density
profile by Navarro et al. (1996) fails to reproduce the observa-
tions of some galaxies including dwarfs and both high and low
surface brightness galaxies — hereafter HSBs and LSBs (see,
e.g., Burkert 1995; Swaters et al. 2003; de Blok et al. 2001, 2003;
Kuzio de Naray et al. 2008; Spano et al. 2008; Del Popolo 2009;
Kuzio de Naray & Kaufmann 2011; Oh et al. 2011a,b, 2015). The
DM halo-to-total mass fraction also remains quite uncertain be-
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cause it depends on the assumptions that are made in the methods
of its determination (see, e.g., Saburova & Del Popolo 2014). For
disc galaxies the most popular and frequently used method to es-
timate the dark halo mass and density profile is the rotation curve
decomposition into dark and luminous components, it is also called
the mass-modelling technique. This task could have several differ-
ent solutions especially if there is no additional information on the
luminous matter density. It became evident in the beginning of the
studies of the dark matter in galaxies (van Albada & Sancisi 1986)
and it was discussed in the subsequent studies until the present
day (see, f.e., Bershady et al. 2010; Saburova & Del Popolo 2014).
Complementary information can play a critical role. For instance,
if we assume that the mass-to-light ratio of LSB discs is similar to
that of HSBs it gives evidences that the dark matter dominates by
mass even in the innermost regions. In this case one can explore
directly the central regions of the dark halo radial distribution in
LSBs (see, e.g. zero disc models in Kuzio de Naray et al. 2008).
On the contrary, if the stellar discs of these galaxies are heavy, then
the DM halo-to-total mass fraction is close to that of normal spirals
(Fuchs 2003; Saburova 2011).
The pure best-fitting mass-modelling of rotation curve with-
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out the additional observational data becomes less popular with the
appearance of the photometrical data for big samples of galaxies,
especially in the infrared bands like, e.g., Spitzer Survey of Stellar
Structure in Galaxies (S4G), which allows one to determine more
reliably the stellar mass. This gave hope that one can finally put the
valid constraints on the dark halo shapes, and compare masses and
concentrations of the haloes with predicted ones to draw conclu-
sions about the evolution of the galaxies. However, this possibility
should be verified.
In recent years, researchers claim the universality of such
composite dark matter characteristic as its column or surface
density: µ0D ≡ ρ0Rs, where Rs is the core radius (or the ra-
dial scale) of the density profile, and ρ0 is its central density.
Kormendy & Freeman (2004) obtained the DM surface density for
a sample of late type galaxies and found that it is almost inde-
pendent on the B-band luminosity. Donato et al. (2009) explored
a more numerous sample of galaxies with wider range of lumi-
nosities. They utilized the different mass-modelling techniques and
found that the DM halo surface density µ0D is constant for a wide
range of luminosities. The conclusion of the universality of the DM
halo surface density could be extremely important because it could
give additional information about the nature of dark matter. Thus
Milgrom (2009) concluded that the constancy of the DM surface
density is in good agreement with the modified Newtonian dynam-
ics (MOND) which predicted a quasi-universal value of µ0D for
objects of all masses and of any internal structure except LSBs
(because these systems possess much lower mean accelerations).
The universality of DM column density can also lead to the im-
portant conclusions on the evolution of galaxies of different types.
Kormendy & Freeman (2016) showed that it could imply that the
spiral, Im and dSph galaxies form a sequence of decreasing baryon-
to-DM mass fraction with decreasing luminosity and they even
found the hints toward the solution of too big to fail problem.
However, the universality of the DM surface den-
sity was not confirmed in a number of studies (see, e.g.,
Boyarsky et al. 2010; Napolitano et al. 2010; Del Popolo et al.
2013; Saburova & Del Popolo 2014). The studies of
Saburova & Del Popolo (2014) and Napolitano et al. (2010)
show a dichotomy for the galaxies with low and high masses.
According to these studies dwarf galaxies have a similar DM
surface density (see also Burkert 2015, giving evidences for the
universality of µ0D in dwarf spheroidal galaxies) in contrast to high
mass systems for which this parameter varies with luminosity and
mass.
In current paper we present a research of the popular mass-
modelling of the rotation curve, which is widely used for the disc
galaxies. Our goal is to test the reliability of the estimates of dark
halo parameters using high quality input data. Using our technique
we can also study the interconnection between the halo parameters
and test the universality of the DM halo surface density.
The paper is organized as follows: the used method, the sam-
ple and the utilized data are characterized in Sect. 2. The main re-
sults and discussion are given in Sect. 3 and Sect. 4. Section 5 is
devoted to the summary.
2 THE METHOD AND THE DATA
The concept of universality of the DM surface density gave us
idea that the rotation curve of a galaxy could be equally good
fitted by several different pairs of values of radial scale and cen-
tral density of DM halo, and there could be interdependence be-
tween these parameters in a galaxy. For models with fixed density
of baryonic matter this interconnection is mostly due to the halo
shape (de Blok et al. 2001). For example for the pseudoisothermal
DM halo profile the central density and the core radius are linked
through the asymptotic velocity v2as ∝ ρ0R2s , which is restricted by
the velocity on the flat part of the rotation curve. However, in gen-
eral case when the stellar density is considered as a free parameter
this relation is less evident.
To study the interconnection between the dark halo param-
eters and their uncertainty we developed a technique, the main
point of which is similar to that used in some studies (e.g.,
van den Bosch et al. 2000; de Blok et al. 2001; Napolitano et al.
2014; Corbelli et al. 2014). Its basic concept is to calculate the χ2
for the grid of values of the DM halo parameters. The advantage of
the current paper is that we study the behavior of χ2 maps in de-
tails for a sample of galaxies with accurate rotation curves and also
analyze the connection of the χ2 map features with the shape, the
extension and spatial resolution of the rotation curves. This study
allows to get an idea about the reliability of output halo parameters
simply by looking at the features of the input kinematical data.
We consider both the photometrical approach1 , in which the
stellar surface density is found from the photometry (mostly in in-
frared band), and the pure best-fitting technique2, when the mass-
to-light ratios of stellar disc and bulge represent the free parame-
ters.
2.1 The used equations
We consider disc galaxies with rotation curves v(r) that could be
decomposed into the contributions of bulge, gas and stellar discs
and DM halo:
v2(r) = v2bulge(r) + v2disc(r) + v2gas(r) + v2halo(r). (1)
The contribution of the DM halo is defined by the parameters of its
density profile. In the current paper we used three halo types:
(i) The density profile by Burkert (1995):
ρburk(r) =
ρ0R3s
(r + Rs)(r2 + R2s )
. (2)
Here ρ0 and Rs are the central density and the radial scale of the
halo3. The corresponding contribution to the rotation curve:
(v2halo(r))burk = 6.4G
ρ0R3s
r
[
ln
(
1 +
r
Rs
)
−
− arctan
(
r
Rs
)
+
1
2
ln
1 +
(
r
Rs
)2
 ,
(3)
where G is the gravitational constant. We calculated the halo
masses within optical radius4 Ropt. In case of Burkert profile, it is
1 The recent papers using the similar method: de Blok et al. (2008);
Oh et al. (2015); Frank et al. (2015); Karachentsev et al. (2016).
2 This approach was utilized for example by the following pa-
pers: Barnes et al. (2004); Chemin et al. (2006); Spano et al. (2008);
de Blok et al. (2008); Cardone & Del Popolo (2012); Kasparova (2012);
Sofue (2015); Katz et al. (2016).
3 Below Rs and ρ0 are different for the various DM density profiles.
4 The values of Ropt are given in Tables A.1–A.3. For most galaxies of
the sample (except NGC 2976 and NGC 4736, for which these values were
taken from Leroy et al. 2008) we assumed that the optical radius is equal to
four disc radial scalelengths.
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given by the following formula:
(Mhalo)burk = 2πρ0R3s
[
ln
(
1 +
Ropt
Rs
)
+
+
1
2
ln
1 +
(
Ropt
Rs
)2 − arctan
(
Ropt
Rs
) .
(4)
(ii) The pseudoisothermal profile (hereafter, piso):
ρpiso(r) = ρ0(1 + (r/Rs)2) , (5)
(v2halo(r))piso = 4πGρ0R2s
[
1 −
Rs
r
arctan
( r
Rs
)]
, (6)
(Mhalo)piso = 4πρ0R2s
[
Ropt − Rs arctan
(
Ropt
Rs
)]
. (7)
(iii) The Navarro-Frenk-White profile Navarro et al. (1996)
(hereafter, NFW):
ρnfw(r) = ρ0(r/Rs)(1 + (r/Rs)2)2 , (8)
(v2halo(r))nfw = 4πGρ0R3s/r
[
log(1 + r/Rs) − r/Rs1 + r/Rs
]
, (9)
(Mhalo)nfw = 4πρ0R3s
[
ln
(
Rs + Ropt
Rs
)
−
Ropt
Rs + Ropt
]
. (10)
For the bulge component we adopted Sersic profile of surface
density (Sersic 1968):
Ib(r) = (I0)b10
[
−bn
(
r
Re
)1/n]
. (11)
Here (I0)b is the bulge central surface density, Re is the effective ra-
dius containing a half of the luminosity, bn ≈ 1.9992n − 0.3271
(Caon et al. 1993) and n is the Sersic index. We used the rota-
tion curve of Sersic bulge determined according to Noordermeer
(2008).
We calculated the gas and stellar disc contributions to the
rotation curve using the method by Casertano (1983) for a non-
parametric density profile. The surface density profile of gas, the
disc radial scalelength, bulge effective radius and Sersic index were
fixed and taken from observations (see Sect. 2.3). For the galax-
ies with available S4G images the surface density radial profile of
stellar disc was determined from a difference between the total ob-
served surface brightness profile and that of the bulge (see below).
2.2 The assumptions on mass-to-light ratios: the two models
We considered the two possibilities for mass-to-light ratios of the
stellar bulge and disc which were independent parameters during
the fitting. In the Models A the disc and bulge mass-to-light ratios
were considered as free parameters (the best-fitting approach). In
the Model B we allowed them to vary in a narrow range between
0.45 (obtained using Tully-Fisher relation in a good agreement with
the models of stellar population by McGaugh & Schombert 2015)
and 0.6 (Meidt et al. 2014) solar units at 3.6µm5. The value of the
5 For NGC 0925 and NGC 7331 absented in S4G with photometrical data
in V-band we used the ranges of M/LV : 0.54 − 0.88 and 1.62 − 1.9, cor-
respondingly, according to their total (B − V)0 colors and model relations
from Zibetti et al. (2009) for Chabrier IMF and Bell et al. (2003) for scaled
Salpeter IMF.
mass-to-light ratio at 3.6µm is almost independent on the color of
stellar population (McGaugh & Schombert 2014), thus it is reason-
able to consider it to be nearly constant for all galaxies of the sam-
ple. But for three galaxies of our sample (NGC 2903, NGC 5055,
NGC 6946) we had to widen the range of possible mass-to-light ra-
tios to 0.3-0.6 in order to avoid unacceptably bad fit of the rotation
curve.
The pure best-fitting model (Model A) is worth considera-
tion despite it becomes less popular. The reasons are the following.
Model A can be regarded as the most general case of the technique
of mass-modelling of a rotation curve. If for example some DM
halos profiles fail to reproduce the observed rotation curve even in
this general case, they will definitely fail when the baryonic sur-
face density is fixed. Another issue: in some cases, the photomet-
rical model gives unsatisfactorily fit to the rotation curve (see the
discussion of this problem in Sect. 3.1).
The results of our analysis of the best-fitting technique could
also be useful if one needs to study the samples of galaxies for
which there are no homogeneous high quality surface photometry
data and no other information, that can be used to obtain the in-
dependent estimate of the disc surface density. For some unusual
objects, like LSBs or galaxies with low dynamical mass-to-light
ratios (see Saburova et al. 2015) the photometrical method can be
less plausible than the best-fitting modelling, because there is pos-
sibility that the model color–M/L relations for standard IMF (e.g.
Salpeter) are not valid for them.
Thus, in order to understand the uncertainty of the dark halo
parameters in general one should examine it for both fixed and free
baryonic density distribution.
2.3 The sample and the data
We performed our analysis on the sample of HSB spiral galaxies
with accurate rotation curves from The Hi Nearby Galaxy Survey
(THINGS, de Blok et al. 2008). The high spatial and velocity res-
olution made these data ideal for this aim. To put constraints on
the stellar surface densities we choose the 3.6 µm data from Spitzer
Survey of Stellar Structure in Galaxies (S4G, Sheth et al. 2010).
Unfortunately, these data were available not for all galaxies of the
sample. For the galaxies absented in the S4G we used the structural
parameters of disc and bulge taken from other literature. In Table 1
we give the names of the galaxies, the adopted distances and the
note on the source of photometric data.
When the photometric data were available in S4G we firstly
constructed the radial surface brightness profiles using ELLIPSE
routine of IRAF software (Tody 1986). After that we decomposed
the profiles into the contribution of Sersic bulge (Eq. 11) and expo-
nential disc:
Id(r) = (Id)0 exp(−r/Rd), (12)
where (Id)0 and Rd are the disc central surface brightness and the
exponential scalelength, correspondingly. Since in some cases the
special features on the surface density profile (like knees) can play
important role in the decomposition of the rotation curve we did not
use in our analysis the smoothed radial density profile of exponen-
tial disc for the galaxies with available S4G data except NGC 2976.
We came further and subtracted the contribution of the bulge from
the total surface brightness profile to estimate the non-parametric
surface brightness profile of the disc which we used in our anal-
ysis together with the bulge profile. The calibration of the pro-
files was performed according to Querejeta et al. (2015). We also
MNRAS 000, 1–17 (2002)
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corrected the 3.6 µm surface brightness for the inclination fol-
lowing Graham (2001). The inclination angles were taken from
(de Blok et al. 2008).
The parameters of bulges for the galaxies contained in S4G
(not corrected for the inclination) are given in Table 2. For
NGC 2976 we neglected the contribution of bulge to the total sur-
face brightness profile following de Blok et al. (2008).
To estimate the contribution of gas discs to the rotation
curves we used the Hi surface density radial profiles obtained by
de Blok et al. (2008) and the molecular gas density profiles from
Leroy et al. (2008) (both profiles were corrected for the presence
of Helium).
2.4 Visualization of the results
We calculated the values of χ2 for a grid of parameters of the DM
halo. The χ2 minimization was performed using the constrained
non-linear Levenberg–Marquardt minimization implemented in the
mpfit IDL package (by C. Markwardt, NASA). We believe that the
choice of method of finding of χ2 minimum does not influence the
results.
The resulting χ2 maps demonstrate the goodness of the ro-
tation curve fitting for given parameters of DM halo. Each point
of the map corresponds to the concrete values of the mass-to-light
ratio of disc and bulge which, in cases of Models A, were varied
without any limits in order to get the best-fitting of the rotation
curve, while the dark halo radial scale and central volume density
were fixed. For Model B it is the same, but the mass-to-light ratios
are varied in a narrow ranges given above.
In Figs. 1–4 we show examples of the χ2 maps for both A
and B Models. Left panels correspond to the models with the piso
profiles of the dark halo, centre panels — to the Burkert profiles,
right panels — to the NFW profiles. The color on the maps denotes
the χ2 value, the darker the color, the lower the χ2 and the better
is the fit. The white contours refer to 1σ, 2σ and 3σ confidence
limits. The position of the parameters resulting from decomposition
corresponding to the χ2 minimum is shown by cross in each map.
Black solid and dashed curves refer to the lines of constant mass
of the dark halo inside of optical radius Ropt calculated from the
parameters of the χ2 minimum models Mhalo ± 15 per cent. Blue
dot-and-dash line corresponds to the constant surface density of
dark halo log µ0D = 2.15 taken from Donato et al. (2009) in the
case of Burkert density profile. To convert µ0D into corresponding
values of NFW and piso profiles we used the translation formulas
from Boyarsky et al. (2009):
(Rs)piso = 0.26(Rs)burk,
(ρ0)piso = 3.36(ρ0)burk,
(13)
(Rs)nfw = 1.6(Rs)burk,
(ρ0)nfw = 0.37(ρ0)burk.
(14)
Red lines (dotted and dash-dot-dot-dotted) show the positions of
the constant ratios M/L, which were discussed in Sect. 2.2.
For illustrative purposes we also performed best-fitting of the
rotation curves corresponding to the χ2 minimum (the lower row for
each galaxy in Figs. 1–4). The black dots with error bars demon-
strate the observed rotation curve (de Blok et al. 2008), thick red
line — the total model, thin black line — dark halo, blue dashed
line — stellar disc, dot-and-dashed red line — gas disc, dotted
line — bulge.
We also give in Tables A.1–A.3 the parameters corresponding
Table 1. The sample.
NGC Dist., Mpc Photometry source
0925 9.2 Baggett et al. (1998)
2403 3.2 de Blok et al. (2008)
2841 14.1 S4G
2903 8.9 S4G
2976 3.6 S4G
3031 3.6 S4G
3198 13.8 S4G
3521 10.7 S4G
3621 6.6 de Blok et al. (2008)
4736 4.7 S4G
5055 10.1 S4G
6946 5.9 de Blok et al. (2008)
7331 14.7 Baggett et al. (1998)
7793 3.9 S4G
Table 2. The structural parameters of bulges for S4G galaxies: effective
radius, central surface brightness in 3.6µm and Sersic index.
NGC Re ν0 (3.6µm) n
arcsec mag/arcsec2
2841 9.2 ± 0.2 11.80 ± 0.03 1.7 ± 0.1
2903 6.2 ± 0.1 12.94 ± 0.01 0.8 ± 0.0
2976 − − −
3031 20.3 ± 0.7 11.85 ± 0.05 1.4 ± 0.1
3198 4.3 ± 0.2 13.25 ± 0.07 1.7 ± 0.1
3521 11.3 ± 0.8 13.55 ± 0.08 2.1 ± 0.2
4736 10.86 ± 0.0 14.73 ± 0.01 1.0 ± 0.0
5055 22.13 ± 9.6 13.45 ± 0.96 2.6 ± 0.1
7793 7.7 ± 0.4 16.07 ± 0.04 2.0 ± 0.1
to the minimal values of χ2 for each type of DM density profile for
both A and B Models together with the errors associated with the
range covered by 1σ confidence limit (each pair of the parameters
of DM halo on the map corresponds to the certain values of χ2,
disc mass-to-light ratio and bulge central surface density) and the
minimal values of χ2 divided by the number of degrees of freedom.
The listed estimates of disc mass-to-light ratio M/L correspond to
3.6 µm for all galaxies except for V-band cases of NGC 925 and
NGC 7331.
3 RESULTS
3.1 Comparison of the models
The interconnection between the DM halo parameters represents
a separate important problem. As one can see from Figs. 1–4 for
both models the χ2 maps show similar degeneracy of the density
and scale of dark halo, but in case the photometrical approach
(Model B) the spread of the parameters is significantly lower. De-
spite of the lower estimation errors (see Tables A.1–A.3) of the
dark halo parameters the photometric method has its own weak
point. The reduced values of the χ2 are significantly higher than
for the best-fitting technique, which is expectable, but makes these
models less reliable. Moreover, for the three galaxies (as mentioned
in Sect. 2.2), we were unable to get a satisfactory fit for the stan-
dard range of M/L at all. In some cases the M/L range extension
MNRAS 000, 1–17 (2002)
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Figure 1. The examples of χ2 maps for galaxies with increasing rotation curves. Two top rows for each galaxy show best-fitting approach (Model A), two
bottom rows for each galaxy are for photometric approach (Model B). Left panels correspond to the models with the piso profiles of the DM halo, centre
panels — to the Burkert profiles, right panels — to the NFW profiles. The color in the maps denotes the χ2 value, the darker the color, the lower the χ2 and the
better is the fit. The white contours refer to 1σ, 2σ and 3σ confidence limits. The position of the parameters corresponding to the χ2 minimum is shown by
green cross in each map. Red lines (dotted and dash-dot-dot-dotted) show the positions of the constant ratios M/L of discs (see text). Blue dot-and-dash line
corresponds to the constant surface density of dark halo. Black lines in the χ2 maps refer to the lines of constant mass of the dark halo inside of optical radius
(calculated from the parameters of χ2 minimum model) Mhalo ±15 per cent. The lower row for each galaxy gives the best-fitting decomposition corresponding
to the χ2 minimum, where the black dots with error bars mark the observed rotation curve (de Blok et al. 2008), thick red line — total model, thin black line —
dark halo, blue dashed line — stellar disc, dot-and-dashed red line — gas disc, dotted line — bulge.
does not improve a situation (see Fig. 2 for NGC 7793). This prob-
lem was also mentioned in de Blok et al. (2008)6. Thus despite of
the restriction of mass-to-light ratio decreases the dispersion of the
possible parameters of DM halo it does not make the results of the
mass-decomposition more reliable in many cases.
Another problem is the existence of models with infinite con-
tours of 1σ confidence levels. In other words, in these cases, the
6 See Figs. 30, 37, 48, 50, 52, 53 for fixed baryonic surface density in the
cited paper.
rotation curve can be described equally well by using a halo with
the cardinally different parameters. Even when the baryonic sur-
face density is fixed we still got such models7. Noticeably models
with NFW profile fail more often than that with other profiles when
the baryonic surface density is fixed.
In Fig. 5 we demonstrate the comparison of central densities,
radial scales and DM masses within optical radius resulting from
7 For NGC 0925 (NFW), NGC 2976, NGC 2841 (piso), NGC 2903 (piso,
Burkert), NGC 3621 (NFW), NGC 6946 (NFW), NGC 7793 (NFW).
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Figure 1. (Continued).
Models A and B. Open circles mark the galaxies for which one of
the two models for a considered halo profile give the infinite 1σ
contours. The dashed and dotted lines correspond to the equal pa-
rameters and their twofold change. As one can see, the results of
DM halo mass determinations are in good agreement for Models A
and B. Moreover, even the unreliable models (with infinite 1σ con-
tours) give the stable mass estimations, due to the degeneracy be-
tween Rs and ρ0 along the line of constant halo mass. The solutions
for the central density and the scale are much more sensitive to the
choice of the baryonic surface density.
3.2 Comparison with other authors
We compared the results of our best-fitting mass-modelling
with the dark halo parameters found in de Blok et al. (2008)8,
Cardone & Del Popolo (2012), Kasparova (2012), Frank et al.
(2015) and Karukes et al. (2015). We found a satisfactory agree-
ment for most of the cases. But for some galaxies the discrep-
ancies exceeded the 3σ confidence limits (NGC 5055, NGC 7793,
NGC 3621, NGC 0925 for Burkert halo). In most cases the discrep-
ancies are most likely related to the difference between the photo-
metrical data from the present and other papers.
Another cause of the discrepancy of the estimations is that
8 We took their estimations for the best-fitting model, if these results were
missing we used photometrical approach.
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Figure 2. The same as in Fig 1, but for the cases of detailed data in the inner parts of rotation curves.
the observed rotation curve is badly reproduced by given type of
halo density profile and it could lead to big uncertainties of the
DM halo parameters. For example, for NGC 0925 the Burkert halo
density profile gives the bad fit to the rotation curve according to
Cardone & Del Popolo (2012).
3.3 Halo masses
Our results show that in most of the cases the χ2 minimum re-
gions lie along the line of the constant dark halo mass and the
spread of the dark halo parameters corresponds to the range of
Mhalo ± 15 per cent. Thus, for the best-fitting modelling the esti-
mation of Mhalo is much more accurate than that of ρ0 and Rs. As
it was discussed above, in case of the baryonic density fixation it
can just follow from a halo shape. However, this relation becomes
less evident for the best-fitting modelling without any limits on the
mass-to-light ratios of disc and bulge when the stellar density can
vary by several times.
The constancy of dark halo mass could possibly arise from
the narrow range of the dark halo contribution to the rotation curve
vhalo(r) at the outermost regions. If the halo velocity at optical ra-
dius is close to the observed velocity at the outskirts of a galaxy
v2halo(Ropt) ≈ v2(Rmax), we can get approximate estimate of the dark
halo mass which is almost identical to the dynamical mass inside
of Ropt: Mdyn = v2(Rmax)Ropt/G ≈ v2halo(Ropt)Ropt/G. In order to test
this possibility, we calculated this rough estimate of dark halo mass
and compared it to the values followed from the rotation curve de-
composition. We give the ratios of the estimates in column 9 of
Tables A.1–A.3. As one can see from the Tables despite there are
some cases when the rough estimate is close to that found from
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Figure 2. (Continued).
the rotation curve decomposition there is a significant number of
galaxies for which the ratios of the dynamical masses and the halo
masses found from the rotation curve decomposition differ signifi-
cantly from unity. For roughly a quarter of the sample the ratios of
the masses exceed 2. In a majority of cases the dynamical estimate
is higher than follows from the mass-modelling which is expectable
due to the neglecting of the baryonic matter contribution to the ro-
tation curve at the outer radius which appears to be different for
different galaxies. However, in a few cases the ratio of masses is
lower than one, which indicates that the contribution of the dark
halo at the optical radius in the model is higher than the velocity
at the outermost point of the rotation curve. It is possible when the
rotation curve has a bump followed by the lower rotational veloc-
ity amplitude in the plateau. In this case the mass-model traces the
shape of the rotation curve which is impossible for the rough esti-
mate. Another possibility is when the rotation curve does not reach
the plateau making the estimate of v2halo(Ropt) uncertain.
Having in mind all described problems of the rough estimate
of the dark halo mass we conclude that the rotation curve mass-
modelling is still needed to obtain the reliable mass of the dark
halo.
It should be noted that in the case of Models A, there are
some exceptions in which the χ2 minimum behaves differently in
comparison to the line of equal mass. In 6 out of 42 models —
NGC 2903 (Burkert), NGC 3521, NGC 6946 (Burkert), NGC 7331
(piso) — 1σ confidence limits form two separate isolated contours,
corresponding to two different values of DM halo mass. In these
cases the two different total halo masses are possible, since there
are two separate minima on the χ2 which lie in the two spaced and
parallel lines of constant DM halo mass.
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Figure 2. (Continued).
In spite of this for the majority of instances we can make the
following general conclusion. If the study is concerned on the dark
halo masses, and is not aimed on its density, radial scale or concen-
tration, the pure best-fitting mass-modelling of the rotation curve
could be enough for this purpose.
In addition to the above it is worth mentioning that the us-
age of NFW profile gives the halo mass estimations systematically
higher (up to ∼ 15 per cent) in comparison with other two halo
shapes for most of the galaxies of our sample.
3.4 The disc mass-to-light ratio
The disc mass-to-light ratio can give important information that
narrows the range of the dark halo parameters estimated from the
mass-modelling. From Tables A.1—A.3 it is evident that in the
best-fitting approach in contrast to the Mhalo the mass-to-light ratio
of the disc is much more uncertain (the error exceeds 100 per cents
in some cases).
We plotted on all χ2 maps (for Model A) the red lines of con-
stant disc mass-to-light ratios9 coinciding with the limit values for
the Model B given in Sect. 2.2. As we can see from Figs. 1–4, in
some cases one value of M/L corresponds to the set of pairs {ρ0,Rs}
(see e.g. Model A in Fig. 2 for NGC 3198). Another problem is that
in some galaxies from the sample the result of Models A is asso-
ciated with M/L that are too low or too high in comparison to the
value expected from the photometry. It could indicate that either
9 In some cases (NGC 0925, NGC 2403 for Burkert halo) the pure best-
fitting model gives the mass-to-light ratios that differ significantly from the
photometrical ones, thus the red lines lie beyond the limits of the maps.
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Figure 3. The same as in Fig 1, but for the cases, where only the plateau is present in the rotation curve.
the part of mass is incorrectly assigned to some of the galaxy com-
ponents or that the disc is more/less massive than it follows from
the photometry. The later reason seems more questionable.
3.5 Analysis of Model A results based on the characteristics
of rotation curves
One of our aims was to understand how the features of a rotation
curve influence the results of the mass-modelling. We decided to
do it for the most general model (Model A).
We found from the χ2 maps (together with the parameters lim-
its given in Tables A.1–A.3) that not in every case the results of
Models A are reliable. We developed the following criteria in order
to unveil the untrustworthy models: (a) the lack of separate mini-
mum on the χ2 map (the infinite 1σ contour); (b) the solutions with
zero disc contribution to the rotation curve.
For the convenience we arbitrarily divided the galaxies into
the subsamples with different types of input kinematic data. Thus,
taking into account the behaviour of the χ2 map and best-fitting
models, we assert the importance of the four features of rotation
curves.
i. The increasing rotation curve. Only two galaxies of our sam-
ple (NGC 0925 and NGC 2976) do not have a plateau on the ro-
tation curves, their rotational amplitudes are lower than 120 km/s.
The rotation curves of NGC 0925 and NGC 2976 are not extended
enough (the outermost radius is < Ropt in contrast with other galax-
ies of the sample which have more extending rotation curves). In
both cases, the Models A for NFW halo ignore the disc presence
(in the case of NGC 0925 the disc mass-to-light ratio also equals to
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Figure 3. (Continued).
zero inside the entire 1σ contour of χ2 map, for NGC 2976 there
are solutions with M/L 6 0.04 which is quite low). The other DM
halo profiles work correctly for these galaxies. Probably, this is due
to a specific shape of the NFW profile and, at the same time, be-
cause of the lack of a certain rotation curve plateau. The latter does
not allow to lock the parameters of the halo in the finite 1σ con-
tour on χ2 map. It is worth noting that as it was previously shown
by Kuzio de Naray et al. (2008), the contributions of NFW profile
and maximal exponential disc into rotation curves are mutually ex-
clusive for LSBs. We strengthen this conclusion for HSBs with in-
creasing rotation curves.
ii. Rotation curves with detailed data in the inner parts (includ-
ing region within 1 − 2 kpc). For this type of rotation curves on
average, all models give satisfactory results. Exceptions are the un-
successful models with all halo types which are insensitive to the
velocity fall on the disc periphery of NGC 7793. Besides it, though
the best-fitting model seems reasonable at first sight, it is impossi-
ble to obtain the NFW halo parameters of NGC 3621 (infinite 1σ
contour).
iii. The rotation curve with a lack of data in a few inner kilo-
parsecs (it could be probably due to the depression of Hi surface
brightness in the central regions of these galaxies). In this case al-
most half of models do not work well. The majority of best-fitting
models give very different estimations of the dark halo masses and
the disc-to-halo mass ratios for three different DM halo profiles.
Burkert and NFW models of NGC 3521 give a zero disc solution at
almost the entire 1σ area. There are two galaxies of this category
(NGC 3031 and NGC 6946)10, which have good estimations of the
10 We did not take into account in our analysis that NGC 3031 has strong
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Figure 4. The same as in Fig 1, but for the case of falling rotation curve.
dark matter parameters probably due to the special features of their
kinematic data. The first galaxy has a prominent bump on the rota-
tion curve (at 7− 8 kpc) correlated with the stellar disc profile. The
second one has a very small bulge (de Blok et al. 2008), which is
reflected in the slow growth of rotation velocity within 5 kpc.
iv. Decreasing rotation curve. This type is represented only by
NGC 4736. Our modelling of this galaxy is very sensitive to the
photometric data. Even small changes in the input data can lead
to the zero disc solution. As a result, we suppose that the method
streaming motions along the spiral arms and NGC 6946 has a low incli-
nation angle which leads to high uncertainty of the rotation curve. It can
possibly influence the accuracy of the input data but will not change the
main results of our analysis.
should be used with caution for galaxies with decreasing rotation
curves.
In Table 3 we show the classification of our models taking into
account the types of the input data. For clarity we use the following
denotation: we put “−” for models that we think are unreliable (see
above), “+” marks good models, we mark “+/−” sign, if, from our
point of view, the best-fitting Model A gives an incorrect contribu-
tion of one of the components due to not sufficient extension of the
rotation curve (e.g., in the case of NGC 7793).
As one can see from Table 3, models with various profiles of
DM halo are differently sensitive to the characteristic features of the
input kinematic data. Applying the Burkert halo gives good results
for 11 of the 14 galaxies. In cases of the piso and NFW profiles —
8/14 good and 5/14 false models for both.
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Figure 5. Comparison of the results of photometrical and best-fitting modelling. The dashed and dotted lines correspond to the equal parameters and their
twofold change. Open circles mark the galaxies having one of the two models (A or B) for given halo profile with the infinite 1σ contours.
4 DISCUSSION
4.1 The dark halo surface density
To test the behaviour of dark halo surface densities and to under-
stand how uncertain they could be we plotted the 1σ confidence
limits of the χ2 maps for all our galaxies together. In Fig. 6 we
show the central densities versus the radial scales for three types
of dark haloes for Models A (top panels) and Models B (bottom
panels). The dash-dotted lines correspond to log(µ0D) = 2.15 found
by Donato et al. (2009), corrected for given type of dark halo den-
sity profile as shown above (Eq. 13–14). Dotted curves mark the
constant mass lines for examples of objects with Ropt = 10 kpc and
log(Mhalo) = 8, 9, 10, 11 and 12 (from bottom-left to top-right of
each panel) in solar units. Gray lines correspond to the constant
mass lines of galaxies of our sample.
We can see that it is impossible to make valid conclusion about
the universality of dark halo surface density using mass-modelling
of the rotation curve in spite of the high quality of input data due to
the big uncertainty even for Models B. The possible exception can
be made for the diagrams for models with Burkert profile which
are more stable than the others, so the estimates are less uncer-
tain. Despite of the wide ranges of the DM halo parameters and
a small number of the galaxies we can see that there are several
galaxies that have DM surface densities higher than was found by
Donato et al. (2009) and the overall scatter of points is high.
Another conclusion, that we draw from Fig. 6 is that as far
as we consider here the sample of galaxies with the narrow range
of halo masses we observe the steeper artificial correlation related
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Figure 6. The 1σ confidence limits of all galaxies for three types of dark haloes for Models A (top panels) and Models B (bottom panels). The dash-dotted
lines denote log(µ0D) = 2.15. Dotted curves mark the lines of constant mass within Ropt = 10 kpc: log(Mhalo) = 8, 9, 10, 11 and 12 (from bottom-left to
top-right of each panel) in solar units. Gray lines correspond to the constant mass lines of the galaxies of our sample.
Table 3. The evaluation of the reliability of the results of best-fitting Mod-
els A for three halo profiles for different types of rotation curves.
NGC piso burk nfw
i. Increasing rotation curve
0925 + + −
2976 + + −
ii. Detailed data is present for inner
parts of rotation curve
2403 + + +
3198 + + +
3621 + + −
5055 + + +
7793 +/− +/− +/−
iii. Only plateau
2841 − + +
2903 − +/− −
3031 + + +
3521 − + +
6946 + + +
7331 − − −
iv. Falling rotation curve
4736 − + +
to the degeneracy between ρ0 and Rs along the lines of halo mass
constancy. Similar artificial correlation for LSBs was found and
discussed e.g. by de Blok et al. (2001).
4.2 On the effect of data quality on the mass-decomposition
4.2.1 The influence of the rotation curve extension
on the modelling
To test the sensitivity of both Models A and B to the quality of the
input kinematic data, we made two types of experiments. In the first
type we chose several galaxies with sufficiently extended rotation
curves and good mass-models. Then we cut the part of their ob-
served rotation curve, as if these data are not available. After that,
we run our program of the rotation curve decomposition using the
truncated data and look at the changes of the parameter estimations
of all halo types (piso, Burkert and NFW) for both pure best-fitting
Models A and photometrical Models B. We did this test both for
the truncation of inner and outer radii, in order to simulate observa-
tional features connected to the evolution of galaxies (the Hi strip-
ping from the disc periphery and the depletion of cold gas in the
inner kiloparsecs).
We show in Fig. 7 the results of our test for NGC 2403 as an
example. The top panels demonstrate the logarithm of the relative
changes η of the parameters Rs, ρ0 and Mhalo (normalized to the
ones for the models of non-truncated rotation curve) as a function
of the outermost radius of known rotation curve (from 18 to 6 kpc).
Dashed lines show the best-fitting Models A, solid lines — Mod-
els B. Open symbols mark the cases of infinite 1σ contour and ac-
cordingly untrustworthy model parameters. The dotted lines limit
the change of the parameters in the range of ±50 per cent. In the
bottom panels we show the same plots but for the case of the inner
part truncation of the rotation curve from r = 0 to 6 kpc.
The diagrams for various galaxies look a bit differently, but
we can make the following general conclusions:
• There is an obvious degeneracy between parameters Rs and ρ0
for all types of halo profiles. This conclusion also follows from the
χ2 maps — the contours of 1σ confidence limits are elongated and
inclined in the ρ0 vs Rs diagrams.
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Figure 7. The results of test of the effect of rotation curve truncation for NGC 2403. The top panels show the relative changes η of parameters Rs, ρ0 and Mhalo
(normalized to the ones for the models of non-truncated observed rotation curve) as a function of the maximum radius with known rotation velocity. Dashed
lines show the best-fitting Models A, solid lines — Models B. Open symbols mark the untrustworthy models with infinite 1σ contour. The dotted lines limit
the change of parameters in the range of ±50 per cent. In the bottom panels we show the same but for the case of the inner part truncation of rotation curve
from r = 0 to 6 kpc.
• The Rs and ρ0 parameters can vary dramatically (by several
times), even for a small changes of the rotation curve extension.
• The truncation of the rotation curve at certain radius lead in
some cases to the infinite 1σ contour, which makes impossible
the correct determination of Rs and ρ0. It is seen for the models
with NFW profile of NGC 2403 starting from the outer cutting at
10 kpc (this is about the middle of the rotation curve plateau of
NGC 2403).
• The changes of the parameters become more moderate (espe-
cially for the inner truncation) for Model B in comparison to Model
A. In certain points, however, the changes for Model B are even
higher than for Model A (see e.g. upper row of Fig. 7 for NFW
profile). The influence of the data extension can be significant even
for the models with fixed baryonic surface density.
• The DM halo mass is the most reliable parameter that comes
from the mass-modelling, this conclusion is strengthened by the
analysis of χ2 maps.
In the best-fitting Models A the solution for the disc mass-to-
light ratio M/L and central surface density of bulge (I0)b is also
unstable. Namely, in the absence of the additional information on
the densities of disc and bulge one can get crucially different con-
tributions of disc and bulge using the rotation curves of the same
object but obtained, for instance, with different observational in-
struments. It can make the estimate of the parameters of dark halo
even more unreliable.
4.2.2 The effect of spatial resolution on the results
of mass-modelling
In the second type of experiments we decided to test the influence
of the spatial resolution on the results of rotation curve decompo-
sition. This effect could be very important especially for distant
galaxies. And it could be essential to know whether the estimates
of densities and radial scales of DM haloes for distant galaxies can
deviate from that of the nearby galaxies due to some systematical
errors related to the effects of finite spatial resolution.
To make this test we chose again the galaxies with reliable
mass-models. In order to get worth resolution, we convolved the
rotation curves with Gaussian with FWHM equal to the ratio of the
new and initial spatial resolutions. After that we changed the num-
ber of bins proportionally to the relative change of resolution. We
got gradually larger and larger bins and ran our program for each
resolution. In Figs 8 we show the effects of degradation of rotation
curve resolution on the example of NGC 3198 for three types of
DM haloes in cases of the best-fitting Model A (dashed lines) and
the photometrical Model B (solid lines). The right panel demon-
strates the rotation curves for different resolution (the ratio of the
resolutions is marked near each curve). Red line gives the initial ro-
tation curve. In left panels we plot the logarithm of relative changes
η of parameters Rs, ρ0 and Mhalo (normalized to the ones for the
models of the observed rotation curve) as a function of the ratio
between the new and initial resolution of the rotation curve. From
Figs 8 one can see that the degradation of resolution has signifi-
cant impact on the DM parameters, which does not disappear if the
baryonic density is fixed. The change of resolution has the highest
effect on the estimates of Rs, ρ0 (and hence on the dark halo con-
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Figure 8. The effect of resolution degradation for NGC 3198 for three types of DM halo for Model A (dashed lines) and B (solid lines). The right panel shows
a shape of the rotation curve for different resolution. The curves are artificially shifted for illustrative purposes. Initial curve is demonstrated by red line. The
ratio of the new to initial resolution is marked near each curve. On the right panels we show the relative changes η of parameters Rs, ρ0 and Mhalo (normalized
to the ones for the models of the observed rotation curve) as a function of the ratio between the bin size and initial resolution of the rotation curve. The dotted
lines limit the change of parameters in the range of ±50 per cent.
centration), that is consistent with the conclusions by de Blok et al.
(2001) on the influence of the data resolution on the concentration
parameter of dark halo for models with the NFW profile. In prin-
ciple it can lead to the wrong conclusions if one compares the DM
halo parameters of the nearby and distant galaxies obtained using
the data with the same angular resolution. At the same time as in
previous test the DM halo mass remains the closest to its value for
the initial resolution.
5 SUMMARY
We showed that in the case of mass-modelling of rotation curves
there are considerable estimate uncertainties of the central densities
ρ0 and the scales Rs (and thus the concentrations) of the dark halo,
unlike its mass, even using quite good input data.
We constructed the χ2 maps of the parameters of dark haloes
for a sample of galaxies with high quality rotation curves taken
from de Blok et al. (2008). We considered three types of dark
halo radial density profiles: pseudoisothermal (piso), Burkert and
Navarro-Frenk-White (NFW) . In our analysis we deal with two
possibilities. In the first case the mass-to-light ratios of disc and
bulge were taken as free parameters (pure best-fitting, Models A).
In the second possibility they were confined by the narrow range
followed from the models of stellar population (photometric ap-
proach, Models B).
The Model A is worth consideration because it represents the
most general case of rotation curve mass-modelling, it is suitable
for a large number of objects. The halo parameters obtained in this
way are still widely used, e.g. for comparison with the predictions
of the evolution simulations. The Model B has its disadvantages in
comparison to Model A: it needs high quality photometrical data
and uses assumptions on the stellar population properties such as
stellar initial mass function.
The analysis of the χ2 maps allowed us to make conclusions
on the reliability of the estimates of dark halo masses within opti-
cal radii, their central densities, radial scales (and hence concentra-
tions). The main results are given below.
(i) We showed that in one-third of cases, the Models A are not
enough trustworthy (see Sect. 3.5). The ability to determine reli-
ably the halo shape depends critically on the features of the rotation
curve (type and extension of rotation curve, the presence of detailed
data for its centre parts).
(ii) If there are accurate enough kinematic data with detailed in-
ternal parts (including within 1 − 2 kpc) the pure best-fitting Mod-
els A give satisfactory results in most cases. In the case of the
falling rotation curve or the poor data of inner parts, almost all mod-
els give predominantly unreliable results in the absence of some
characteristic features in the kinematic data (as for NGC 3031). The
model with NFW profile gives unreliable estimates of Rs and ρ0 for
the increasing rotation curve.
(iii) Models A with the various halo forms are differently sen-
sitive to the input kinematic data. Applying the Burkert halo gives
good results for 11 of 14 galaxies. In cases of the piso and NFW
profiles — 8/14 good and 5/14 false untrustworthy models for both.
(iv) In the photometrical Models B the uncertainty of the halo
parameters is significantly lower, than in Models A. However, even
when the baryonic density is fixed there are still cases of infinite
1σ confidence limit contours on the χ2 maps. Moreover, the results
of the photometrical modelling correspond to systematically higher
values of χ2 (in several cases Model B gives unsatisfactorily fits to
observed rotation curve).
(v) The comparison of Model A and B results shows that the
halo mass estimates are consistent for each halo shapes in both
cases, in contrast to Rs and ρ0. Moreover, the untrustworthy mod-
els give stable mass estimations, due to the degeneracy between Rs
and ρ0 along the line of constant halo mass. Therefore, we can esti-
mate successfully the halo mass using the pure best-fitting method
without any restrictions on the mass-to-light ratios.
(vi) We tested the method sensitivity to the quality of the in-
put kinematic data (extension and spatial resolution of the rotation
curve). In our tests we modified the input data by analogy with
the observation characteristics, that can make the data less detailed
(the Hi stripping from the disc periphery, the depletion of cold gas
in the inner kiloparsecs and poor spatial resolution of data for dis-
tant galaxies). Our experiments show that, unlike the halo masses,
the estimates of Rs and ρ0 can vary significantly, even in response
to small changes of the rotation curve extension. The degradation
of the spatial resolution has noticeable influence on the resulting
parameters too. All these effects persist even if the baryonic den-
sity is fixed, though become more modest. It could be essential if
one tries to compare the halo concentrations for nearby and distant
galaxies using the data with the same angular resolution.
(vii) For most of our χ2 maps the contour of 1σ confidence limit
lies along the line of constant halo mass and is covered by the un-
certainty of the halo mass of 15 per cent. Therefore, taking into ac-
count the results of our experiments too, the halo mass within opti-
cal radius is the most reliable parameter in the mass-modelling even
when the dark-to-luminous mass ratio is varied by several times in
the inner region of a galaxy.
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(viii) There is an obvious degeneracy between parameters Rs
and ρ0 for all types of halo profiles, which is evident both from
the analysis of χ2 maps and from our tests of the method sensitivity
for Models A and B. So, we are convinced that it can be impossi-
ble to obtain the truthful estimates of the halo concentrations from
observations using the mass-modelling of rotation curves.
(ix) Our research has shown the impossibility to come to valid
conclusion about the universality of dark halo surface density using
mass-modelling in spite of the high quality of input data. Instead
of it, there is a steeper artificial correlation ρ0(Rs) related to the
degeneration of Rs and ρ0 along the lines of constant halo masses.
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Table A.1. The obtained parameters of the main components of the galaxies for Burkert dark halo density profile. The errors correspond to 1σ confidence
limit. The columns contain the following data: (1) – galaxy name; (2) and (3) – radial scale and central density of the DM halo; (4) – optical radius; (5) –
mass of DM halo inside of optical radius; (6) – disc mass-to-light ratio at 3.6 µm for all galaxies except for V-band in cases of NGC 925 and NGC 7331; (7) –
central surface density of bulge; (8) – reduced value of χ2; (9) – the ratio between the dynamic mass Mdyn = Roptv2(Rmax)/G and the halo mass found from
the rotation curve decomposition.
NGC Rs ρ0 Ropt Mhalo M/L (I0)b χ2r
Mdyn
Mhalo
kpc 10−3 M⊙/pc3 kpc 1010 M⊙ M⊙/L⊙ 103 M⊙/pc2
Model A
925 8.16 +2.03
−1.40 17.23
+6.68
−4.96 11.20 2.66
+0.22
−0.21 0.20
+0.20
−0.20 — 0.71 1.28
2403 8.35 +0.86
−0.85 19.13
+3.87
−2.86 7.24 1.33
+0.11
−0.10 0.17
+0.02
−0.02 0.60
+0.07
−0.06 0.51 2.41
2841 12.89 +2.01
−1.86 30.35
+11.72
−7.58 13.67 11.63
+1.83
−1.51 0.91
+0.11
−0.13 534.20
+34.69
−35.04 0.24 2.27
2903 4.22 +19.57
−0.84 148.06
+105.51
−143.57 26.14 16.78
+0.62
−5.32 0.00
+0.40
−0.00 336.87
+55.83
−103.37 0.52 1.16
2976 2.14 +2.32
−0.62 152.52
+123.59
−85.47 3.80 0.63
+0.11
−0.10 0.16
+0.16
−0.16 — 0.88 1.03
3031 5.49 +1.19
−1.04 74.35
+40.82
−23.65 7.61 3.55
+0.52
−0.47 0.72
+0.09
−0.09 233.74
+38.67
−46.73 2.60 1.92
3198 4.40 +0.92
−0.37 95.19
+24.02
−37.16 13.38 6.64
+0.39
−0.82 0.09
+0.24
−0.09 2.45
+0.86
−0.86 0.45 1.04
3521 2.77 +2.37
−0.50 467.90
+275.97
−371.17 9.35 9.09
+0.51
−3.31 0.01
+0.27
−0.01 288.27
+79.52
−98.66 0.18 0.98
3621 24.43 +4.45
−3.18 3.91
+0.64
−0.58 10.44 1.28
+0.12
−0.12 0.70
+0.02
−0.02 — 0.80 4.78
4736 1.72 +0.81
−0.55 210.55
+386.62
−131.15 5.30 0.89
+0.25
−0.22 0.35
+0.08
−0.08 77.17
+28.30
−35.20 1.12 1.83
5055 13.10 +1.56
−1.58 12.64
+3.74
−2.57 13.89 5.08
+0.60
−0.53 0.33
+0.02
−0.03 402.21
+22.12
−20.40 0.53 1.84
6946 3.92 +9.22
−0.19 196.07
+26.62
−179.48 11.88 9.66
+0.26
−4.75 0.01
+0.36
−0.01 19.35
+1.63
−5.54 0.83 1.13
7331 100.00 +∞
−45.63 2.43
+0.81
−∞ 25.49 13.65 +2.03−1.82 2.61
+0.32
−0.36 767.44
+28.75
−25.72 0.43 2.81
7793 2.89 +0.34
−0.31 96.80
+24.22
−19.37 5.24 1.02
+0.07
−0.06 0.30
+0.04
−0.04 0.00
+0.00
−0.00 2.32 1.23
Model B
925 11.63 +1.67
−1.38 10.14
+1.41
−1.32 11.20 2.36
+0.12
−0.12 0.54
+0.02
−0.00 — 0.87 1.44
2403 9.13 +0.45
−0.50 16.36
+1.58
−1.07 7.24 1.23
+0.06
−0.03 0.60
+0.00
−0.02 0.60
+0.00
−0.00 0.61 2.61
2841 4.33 +0.07
−0.07 364.20
+13.29
−12.82 13.67 25.17
+0.10
−0.10 0.45
+0.00
−0.00 33.85
+0.00
−0.00 2.59 1.05
2903 83.05 +∞
−33.21 1.83
+0.44
−∞ 26.14 10.48 +0.49−0.52 0.60
+0.00
−0.00 13.56
+0.00
−0.00 1.91 1.86
2976 110.00 +∞
−98.20 29.50
+6.01
−∞ 3.80 0.66 +0.08−0.11 0.45
+0.00
−0.00 — 1.64 0.99
3031 3.29 +0.22
−0.21 220.01
+33.17
−22.53 7.61 4.72
+0.18
−0.10 0.60
+0.00
−0.02 46.85
+0.00
−0.00 2.89 1.44
3198 6.14 +1.39
−0.32 41.12
+4.98
−15.40 13.38 5.32
+0.12
−0.66 0.45
+0.15
−0.00 5.81
+0.00
−0.00 0.77 1.3
3521 6.12 +1.81
−0.57 62.31
+12.36
−26.82 9.35 4.83
+0.27
−0.97 0.45
+0.06
−0.00 49.42
+0.00
−0.00 0.45 1.85
3621 15.49 +1.20
−1.24 6.96
+0.82
−0.65 10.44 1.78
+0.09
−0.08 0.60
+0.00
−0.00 — 1.55 3.45
4736 2.87 +0.74
−0.56 53.67
+28.02
−18.41 5.30 0.57
+0.05
−0.06 0.45
+0.00
−0.00 25.09
+0.00
−0.00 1.24 2.88
5055 12.92 +1.85
−1.46 12.93
+3.52
−2.89 13.89 5.12
+0.55
−0.56 0.33
+0.02
−0.02 88.34
+4.40
−4.66 0.53 1.83
6946 8.84 +1.86
−0.72 31.20
+3.76
−8.29 11.88 5.91
+0.10
−0.48 0.30
+0.03
−0.00 23.26
+0.00
−0.00 0.86 1.85
7331 5.15 +0.59
−0.61 90.34
+26.69
−17.24 25.49 15.71
+0.68
−0.78 1.62
+0.13
−0.00 546.76
+0.00
−3.12 1.15 2.44
7793 5.11 +0.57
−0.55 35.45
+4.91
−4.31 5.24 0.80
+0.03
−0.04 0.45
+0.00
−0.00 19.55
+0.00
−0.00 10.20 1.58
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Table A.2. The same parameters as in Tab. A.1, but for pseudoisothermal dark halo density profile.
NGC Rs ρ0 Ropt Mhalo M/L (I0)b χ2r
Mdyn
Mhalo
kpc 10−3 M⊙/pc3 kpc 1010 M⊙ M⊙/L⊙ 103 M⊙/pc2
Model A
925 5.60 +1.60
−1.28 13.47
+6.83
−3.90 11.20 2.65
+0.24
−0.21 0.28
+0.18
−0.25 — 0.75 1.28
2403 3.95 +0.67
−1.20 26.08
+23.34
−5.79 7.24 1.54
+0.30
−0.12 0.14
+0.02
−0.05 0.68
+0.11
−0.05 0.48 2.09
2841 0.14 +3.56−∞ 71044.20 +∞−70943.38 13.67 22.00
+0.67
−6.71 0.59
+0.15
−0.04 46.87
+416.76
−6.75 0.22 1.2
2903 0.12 +1.62−∞ 36571.68 +∞−36394.87 26.14 16.82
+0.94
−1.39 0.14
+0.03
−0.03 142.57
+152.29
−12.52 0.41 1.16
2976 1.61 +1.23
−0.57 104.00
+119.27
−48.24 3.80 0.65
+0.11
−0.10 0.22
+0.11
−0.21 — 0.88 1.01
3031 3.93 +1.24
−1.10 48.57
+35.59
−16.41 7.61 3.11
+0.46
−0.34 0.81
+0.06
−0.08 181.63
+38.24
−28.74 2.81 2.19
3198 2.65 +0.89
−0.44 53.06
+23.14
−22.84 13.38 4.55
+0.27
−0.41 0.61
+0.12
−0.08 0.03
+0.73
−0.03 0.55 1.52
3521 0.27 +2.28
−0.01 8307.36
+1692.64
−8210.40 9.35 7.00
+0.64
−2.22 0.28
+0.10
−0.05 0.00
+245.94
−0.00 0.42 1.28
3621 16.22 +2.60
−2.50 3.32
+0.63
−0.44 10.44 1.28
+0.14
−0.11 0.70
+0.01
−0.02 — 0.79 4.79
4736 1.03 +1.02−∞ 130.20 +∞−96.26 5.30 0.67
+0.26
−0.17 0.42
+0.06
−0.05 42.17
+19.07
−29.79 1.37 2.42
5055 0.34 +0.58
−0.19 5007.36
+20632.33
−4339.32 13.89 9.68
+0.36
−0.79 0.12
+0.02
−0.02 89.86
+193.52
−89.86 0.58 0.97
6946 3.71 +2.71
−1.14 53.90
+57.77
−32.77 11.88 6.69
+1.10
−1.24 0.25
+0.09
−0.08 17.27
+1.43
−1.86 0.80 1.63
7331 1.14 +∞
−0.64 656.70
+3031.20
−∞ 25.49 25.51 +3.10−12.28 0.00
+2.79
−0.00 473.88
+298.80
−188.03 0.37 1.5
7793 1.78 +0.31
−0.25 84.14
+27.20
−20.56 5.24 1.01
+0.07
−0.07 0.31
+0.04
−0.05 0.00
+0.00
−0.00 2.67 1.24
Model B
925 7.54 +1.13
−0.89 8.82
+1.23
−1.15 11.20 2.41
+0.13
−0.11 0.54
+0.03
−0.00 — 0.85 1.41
2403 5.41 +0.31
−0.66 15.56
+3.29
−1.11 7.24 1.27
+0.09
−0.03 0.60
+0.00
−0.03 0.60
+0.00
−0.00 0.61 2.54
2841 0.22 +0.29−∞ 26556.87 +∞−21512.11 13.67 21.82
+0.84
−0.62 0.59
+0.01
−0.06 25.45
+8.39
−0.07 0.22 1.21
2903 45.60 +∞
−14.85 1.70
+0.33
−∞ 26.14 10.68 +0.48−0.50 0.60
+0.00
−0.00 13.56
+0.00
−0.00 1.90 1.83
2976 100.00 +∞
−95.01 29.96
+5.01
−∞ 3.80 0.69 +0.08−0.17 0.45
+0.00
−0.00 — 1.63 0.95
3031 1.45 +0.09
−0.50 314.56
+360.77
−30.08 7.61 4.66
+0.28
−0.04 0.60
+0.00
−0.02 46.85
+0.00
−11.71 3.06 1.46
3198 2.88 +0.26
−0.43 45.63
+16.65
−6.31 13.38 4.51
+0.23
−0.09 0.60
+0.00
−0.06 5.81
+0.00
−0.00 0.88 1.54
3521 2.65 +1.07
−0.45 87.46
+32.93
−40.24 9.35 4.56
+0.23
−0.53 0.45
+0.04
−0.00 49.42
+0.00
−0.00 0.54 1.96
3621 9.23 +0.89
−0.81 6.58
+0.85
−0.72 10.44 1.85
+0.09
−0.09 0.60
+0.00
−0.00 — 1.53 3.31
4736 1.64 +0.65
−0.51 49.99
+45.17
−21.70 5.30 0.54
+0.05
−0.06 0.45
+0.01
−0.00 25.09
+0.00
−0.00 1.38 3.01
5055 5.96 +1.89
−0.83 17.46
+5.29
−6.67 13.89 5.41
+0.34
−0.74 0.31
+0.04
−0.01 89.75
+2.01
−5.48 0.69 1.73
6946 5.31 +0.91
−0.49 28.99
+3.89
−6.14 11.88 5.93
+0.14
−0.27 0.30
+0.02
−0.00 23.26
+0.00
−0.00 0.83 1.84
7331 1.78 +0.42
−1.10 190.95
+1056.05
−62.02 25.49 17.37
+0.59
−0.87 1.62
+0.10
−0.00 545.77
+0.98
−79.59 0.69 2.21
7793 3.40 +0.35
−0.35 29.95
+4.18
−3.32 5.24 0.81
+0.03
−0.04 0.45
+0.00
−0.00 19.55
+0.00
−0.00 10.18 1.55
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Table A.3. The same parameters as in Tab. A.1, but for NFW dark halo density profile
NGC Rs ρ0 Ropt Mhalo M/L (I0)b χ2r
Mdyn
Mhalo
kpc 10−3 M⊙/pc3 kpc 1010 M⊙ M⊙/L⊙ 103 M⊙/pc2
Model A
925 100.00 +∞
−12.81 0.41
+0.07
−∞ 11.20 2.79 +0.08−0.09 0.00
+0.00
−0.00 — 1.41 1.22
2403 17.43 +5.87
−3.99 5.02
+2.93
−1.93 7.24 1.80
+0.16
−0.16 0.11
+0.02
−0.02 0.41
+0.02
−0.03 0.51 1.79
2841 17.03 +5.80
−4.81 18.98
+19.92
−8.61 13.67 16.95
+2.90
−2.27 0.67
+0.14
−0.16 414.64
+11.48
−26.65 0.20 1.56
2903 4.69 +2.15−∞ 137.03 +∞−82.32 26.14 18.39
+0.69
−1.37 0.00
+0.05
−0.00 184.36
+82.86
−75.98 0.42 1.06
2976 100.00 +∞
−42.36 0.99
+0.75
−∞ 3.80 0.85 +0.03−0.07 0.00
+0.04
−0.00 0.00
+0.00
−0.00 2.44 0.77
3031 9.49 +6.95
−3.08 27.24
+33.74
−16.97 7.61 4.20
+0.65
−0.64 0.69
+0.10
−0.09 137.73
+27.98
−27.83 2.87 1.62
3198 15.77 +4.28
−2.60 6.11
+2.84
−2.34 13.38 4.67
+0.39
−0.48 0.57
+0.13
−0.10 — 0.73 1.48
3521 2.85 +3.05
−0.29 522.54
+146.58
−438.17 9.35 10.48
+0.35
−3.15 0.01
+0.20
−0.01 0.00
+172.84
−0.00 0.19 0.85
3621 100.00 +∞
−20.35 0.34
+0.12
−∞ 10.44 2.06 +0.07−0.06 0.56
+0.01
−0.01 — 0.79 2.98
4736 1.89 +2.12
−0.91 205.32
+956.12
−170.88 5.30 1.04
+0.33
−0.30 0.33
+0.09
−0.09 63.77
+22.90
−27.94 1.24 1.57
5055 15.27 +6.38
−5.64 10.19
+18.17
−5.17 13.89 7.77
+1.86
−1.07 0.20
+0.05
−0.09 384.54
+7.70
−11.22 0.56 1.21
6946 29.76 +59.55
−15.61 3.97
+10.56
−3.09 11.88 6.64
+1.27
−0.87 0.26
+0.06
−0.09 10.35
+1.01
−2.15 0.89 1.64
7331 11.97 +∞
−4.65 23.69
+45.34
−∞ 25.49 23.47 +1.62−5.96 0.00
+1.40
−0.00 599.59
+162.56
−159.26 0.46 1.63
7793 9.59 +3.21
−1.99 13.56
+7.02
−5.16 5.24 1.24
+0.10
−0.10 0.10
+0.07
−0.07 0.00
+0.00
−0.00 3.51 1.01
Model B
925 100.00 +∞
−7.90 0.30
+0.03
−∞ 11.20 2.04 +0.09−0.09 0.54
+0.00
−0.00 — 2.96 1.67
2403 27.83 +3.87
−2.94 2.31
+0.40
−0.39 7.24 1.55
+0.03
−0.04 0.45
+0.01
−0.00 0.60
+0.00
−0.06 0.57 2.07
2841 7.30 +0.23
−0.45 125.70
+17.05
−8.81 13.67 24.74
+0.28
−0.28 0.45
+0.02
−0.00 33.85
+0.00
−0.68 0.85 1.07
2903 6.94 +1.24
−0.20 42.74
+2.02
−11.79 26.14 13.85
+0.45
−0.23 0.30
+0.01
−0.00 13.56
+0.00
−1.61 2.16 1.41
2976 100.00 +∞
−57.26 0.29
+0.41
−∞ 3.80 0.25 +0.03−0.03 0.45
+0.01
−0.00 — 4.68 2.66
3031 6.69 +1.83
−1.23 56.36
+29.25
−19.92 7.61 4.82
+0.31
−0.14 0.60
+0.00
−0.04 37.45
+9.40
−2.32 2.91 1.41
3198 17.46 +1.78
−2.96 4.98
+2.35
−0.78 13.38 4.49
+0.38
−0.11 0.60
+0.00
−0.10 5.81
+0.00
−0.00 1.34 1.54
3521 15.41 +3.87
−2.95 10.27
+4.23
−3.38 9.35 4.56
+0.17
−0.36 0.45
+0.02
−0.00 49.42
+0.00
−0.00 0.52 1.96
3621 100.00 +∞
−20.25 0.34
+0.12
−∞ 10.44 2.05 +0.08−0.05 0.56
+0.01
−0.02 — 0.79 2.99
4736 7.80 +6.18
−3.05 8.05
+10.82
−4.86 5.30 0.55
+0.04
−0.06 0.45
+0.00
−0.00 25.09
+0.00
−0.00 1.47 2.99
5055 31.76 +4.01
−3.56 2.40
+0.51
−0.42 13.89 5.65
+0.19
−0.20 0.30
+0.00
−0.00 77.15
+2.21
−1.02 0.68 1.66
6946 100.00 +∞
−21.59 0.77
+0.24
−∞ 11.88 5.84 +0.07−0.16 0.30
+0.00
−0.00 23.26
+0.00
−0.00 1.21 1.87
7331 12.46 +3.22
−2.29 16.02
+7.67
−5.56 25.49 17.19
+0.90
−0.92 1.62
+0.13
−0.00 546.76
+0.00
−3.75 0.79 2.23
7793 100.00 +∞
−16.29 0.44
+0.10
−∞ 5.24 0.70 +0.03−0.03 0.45
+0.00
−0.00 19.55
+0.00
−0.00 14.61 1.79
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